Recent genomic data have revealed multiple interactions between Neanderthals and modern humans 1 , but there is currently little genetic evidence regarding Neanderthal behaviour, diet, or disease. Here we describe the shotgun-sequencing of ancient DNA from five specimens of Neanderthal calcified dental plaque (calculus) and the characterization of regional differences in Neanderthal ecology. At Spy cave, Belgium, Neanderthal diet was heavily meat based and included woolly rhinoceros and wild sheep (mouflon), characteristic of a steppe environment. In contrast, no meat was detected in the diet of Neanderthals from El Sidrón cave, Spain, and dietary components of mushrooms, pine nuts, and moss reflected forest gathering 2,3
1
. Neanderthals became extinct in Europe around 40,000 years ago (40 ka) , although the extinction process across the rest of Eurasia is less clear 5 . Archaeological and isotopic data from the last glacial cycle (around 120-12 ka) suggest that Neanderthals were as carnivorous as polar bears or wolves 6 with a diet heavily based on large terrestrial herbivores, such as reindeer, woolly mammoth, and woolly rhinoceros 7 . By contrast, microwear analysis of tooth surfaces from Neanderthals in different ecological settings, such as wooded areas or open plains, suggests that diets were guided by local food availability 3 . Analyses of phytoliths, starch granules, and proteins from calcified dental calculus also indicate that Neanderthal diets included many plants, including some that were used for medicinal purposes 8 . As a result, Neanderthal diet remains a topic of considerable debate, with limited data on the specific animals and plants directly consumed or the potential effects on Neanderthal health and disease.
Although genomic studies continue to reveal evidence of interbreeding between anatomically modern humans and Neanderthals across Eurasia 9 , little is known about the health consequences of these interactions. The genetic analysis of Neanderthal dental calculus represents an opportunity to examine this issue and to reconstruct Neanderthal diet, behaviour, and disease 10 . Here, we report the first genetic analysis of dental calculus from five Neanderthals (two individuals from El Sidrón cave in Spain; two individuals from Spy cave in Belgium; and one individual from Breuil Grotta in Italy) and compare these data to a historic wild-caught chimpanzee (n = 1) and modern human (n = 1), as well as to low coverage sequencing of calculus from a wide-range of ancient humans (Supplementary Table 1 ). To provide increased resolution of the diseases that may have affected Neanderthals, we also deeply sequenced (> 147 million reads) dental calculus from the best-preserved Neanderthal, El Sidrón 1, which suffered from a dental abscess 4 . Size-based PCR-amplification biases can confound standard metabarcoding analyses (for example, sequencing of 16S ribosomal (r)RNA amplicons 11, 12 ) of ancient dental calculus 13 . Consequently, we compared metagenomic-shotgun sequencing and 16S rRNA amplicon (V4 region) analyses of the Neanderthal dental calculus specimens-by far the oldest examined to date. The 16S amplicon datasets were not representative of the biodiversity revealed by shotgun sequencing (Extended Data  Figs 1, 2 and Supplementary Tables 2, 3 , 7, 16), as samples clustered according to methodolgy (Fig. 1 ) and contained disproportionately large amounts of non-oral microorganisms that were environmental contaminants (Supplementary Tables 2, 7 and Extended Data Figs 3,  4a) . As a result, the 16S amplicon datasets were excluded from downstream analysis, along with the Neanderthal sample from the Breuil Grotta, which failed to produce amplifiable sequences.
The shotgun datasets consisted of short DNA fragments (< 70 bp), which complicated accurate identification of bacterial species using standard software, such as MG-RAST or DIAMOND 14 (Extended Data Fig. 4b , see Supplementary Information). To circumvent this problem, we benchmarked and used a new metagenomic alignment LETTER RESEARCH tool, MALTX, which rapidly identifies species from shorter fragment lengths using a rapid BLASTX-like algorithm 15 (Extended Data  Fig. 5 and Supplementary Tables 4, 5 , 6, 7) . Bioinformatic filtering showed that the Spy Neanderthals samples were more heavily affected by environmental contamination (Extended Data Fig. 6 and Supplementary Table 7) . Indeed, shotgun sequences from Spy I had DNA damage patterns characteristic of contamination with modern DNA sequences (Extended Data Fig. 7 ), clustered more closely to the modern individual than to other Neanderthals (Fig. 1) , and contained similar diversity to environmental samples (Extended Data Fig. 8 ). Therefore, this individual was also excluded from further analyses. The shotgun-sequencing datasets from the three remaining, robust Neanderthal samples (El Sidrón 1, El Sidrón 2 and Spy II) contained an average of 93.76% bacterial, 5.91% archaeal, 0.27% eukaryotic, and 0.06% viral identifiable sequences, similar to previously published ancient and modern human dental calculus 12 ( Fig. 2a and Extended Data Fig. 6c ). The six dominant bacterial phyla in the modern human mouth (Actinobacteria, Firmicutes, Bacteroidetes, Fusobacteria, Proteobacteria, and Spirochaetes) were also dominant in each of the Neanderthals with an average of 222 bacterial species per individual ( Fig. 2a and Extended Data Fig. 6c ).
We first examined Neanderthal diets using the eukaryotic diversity preserved within the dental calculus (see Supplementary Information) . Calculus from the Spy II individual contained high numbers of reads mapping to rhinoceros (Ceratotherium simum) and sheep (Ovis aries), as well as the edible grey shag mushroom (Coprinopsis cinerea) ( Table 1) . Bones of woolly rhinoceros, reindeer, mammoth, and horses were present in Spy Cave 16 , while wild mouflon sheep were broadly distributed in Europe throughout the Pleistocene 17 . Woolly rhinoceros has long been suspected to be part of the Spy Neanderthal diet 18 , confirming the highly carnivorous lifestyle inferred from the isotope and dental microwear data obtained from the Spy individuals 3, 6, 19 . Figure 1 | Comparison of 16S amplicon and shotgun sequencing datasets obtained from ancient, historic, and modern dental calculus samples. Filtered and unfiltered 16S rRNA amplicon and shotgun sequencing datasets, as well as the 16S rRNA shotgun sequences identified using GraftM, were compared using UPGMA clustering of Bray-Curtis distances from a wild-caught chimpanzee (red), Neanderthals (El Sidrón 1 (dark green), El Sidrón 2 (light green), Spy I (grey), Spy II (blue), and a modern human (orange) (n = 6 total samples). 
LETTER RESEARCH
These findings also support recent isotope evidence that suggests Spy Neanderthals were regularly consuming mushrooms 20 . The dietary profile in El Sidrón Neanderthals was markedly different from Spy, and contained no sequences matching large herbivores or suggesting high meat consumption. However, reads mapping to edible mushrooms (split gill; Schizophyllum commune), pine nuts (Pinus koraiensis), forest moss (Physcomitrella patens), and poplar (Populus trichocarpa) were identified (Table 1) . Sequences mapping to plant fungal pathogens were also observed (Zymoseptoria tritici, Phaeosphaeria nodorum, Penicillium rubens, and Myceliophthora thermophila), suggesting that the El Sidrón Neanderthals may have consumed moulded herbaceous material. Limited zooarchaeological evidence exists for the El Sidrón individuals, and our first genetic description of their diet supports evidence that Neanderthal groups across Europe used multiple subsistence strategies according to location and food availability 2, 3 . Additional approaches are needed to verify and extend these dietary reconstructions 17 (see Supplementary Information). Our findings support previous suggestions that El Sidrón 1 may have been self-medicating a dental abscess 8 . This was the only individual whose calculus included sequences corresponding to poplar, which contains the natural pain-killer salicylic acid (the active ingredient in aspirin), and also notably contained sequences of the natural antibiotic producing Penicillium from the moulded herbaceous material. The sample from this individual also included sequences matching the intracellular eukaryotic pathogen microsporidia (Enterocytozoon bieneusi), which causes acute diarrhoea in humans 21 , indicating another health issue that potentially required self-medication.
To examine how oral microorganisms (microbiota) in Neanderthals reflected dietary composition, we compared the filtered shotgun data to a wide range of ancient calculus specimens from humans with varying diets, including ancient African gatherers from the Later Stone Age; individuals from the African Pastoralist Period with high meat consumption 22 ; European hunter-gatherers with a diet that included a wide range of protein sources; and early European farmers with diets largely based around high carbohydrate and milk consumption (see Supplementary Information). We clustered Bray-Curtis distances using the unweighted-pair group method with arithmetic means (UPGMA) and found four distinct groups: forager-gatherers with limited meat consumption (El Sidrón Neanderthals, chimpanzee, and African gatherers from the Later Stone Age); hunter-gatherers (or pastoralists) with a frequent meat diet (Spy Neanderthal, African pastoralists, and European hunter-gatherers); ancient agriculturalists (European farming individuals); and modern humans (Fig. 2b and Extended Data Fig. 9a ). This analysis identifies a split between DNA sequences mapping to eukaryotic species are shown as a proportion of the total eukaryotic reads identified within each sample. Eukaryotic sequences were also identified in the extraction blank controls (EBCs) and the Spy I Neanderthal, which is heavily contaminated with modern DNA; these samples are shown to the right. HP, human pathogen; MU, medicinal use. * Samples or taxa that are probably the results of contamination, as they do not represent biological processes (see Supplementary Information). Eight draft microbial genomes from Gram-positive bacteria, Gram-negative bacteria, eubacteria, and archaea were obtained from the deep-sequenced El Sidrón 1 specimen by read mapping. The sequence coverage, GC content, sequencing depth, and damage profile (average fragment length and base-pair modifications calculated using mapDamage 2.0) are shown for each genome. ΔD, ΔS, and λ are outputs from mapDamage 2.0 and represent aspects of ancient DNA damage identified in the samples.
hunter-gatherers and agriculturalists, as previously observed 11 , but also shows two distinct gatherer groups (hunter-gatherers and forager-gatherers), which are apparently differentiated by the quantity of meat consumed in their diet. As such, meat consumption appears to have affected early hominin microbiota, analogous to carnivorous and herbivorous mammals 23 . This also suggests that microorganisms preserved in dental calculus can be used to record details of dietary behaviour in ancient hominins.
We also examined the microbial diversity of the Neanderthal samples for potential pathogens as a sign of disease. Neanderthal microbiota were more similar to the historic chimpanzee sample than the modern human sample and contained less potentially pathogenic Gram-negative species, which are associated with secondary enamel colonization, increased plaque formation, and periodontal disease 24 (18.9% Gram-negative bacteria in Neanderthals compared to 77.6% in the modern human; Extended Data Fig. 9b ). All types of microbial taxa were equally damaged and fragmented, suggesting this difference is not simply owing to a preservation bias in Gram-negative microorganisms, as previously reported 11 (Table 2 ; see Supplementary Information). The low levels of immunostimulatory Gram-negative taxa in Neanderthals may be related to the reduced presence of Fusobacteria (Extended Data Fig. 6c ), which can facilitate the binding of Gram-negative microorganisms to the Gram-positive primary colonizers that bind tooth enamel (Streptococcus, Actinomyces, and Methanobrevibacter species) 25 . Notably, the increased diversity of Gram-negative immunostimulatory taxa in modern humans is strongly linked to a widerange of Western diseases 26 . Several oral pathogens could be identified within the shotgun sequencing data, although the short ancient sequences and diverse metagenomic background complicated authentication. We established a number of criteria to verify the presence of specific bacterial pathogens, including the assessment of ancient DNA damage, phylogenetic position, and bioinformatic comparisons to close relatives (see Supplementary Information) . We identified the caries-associated species Streptococcus mutans (0.08%-0.18%) and the members of the 'red complex' associated with modern periodontal disease (Porphyromonas gingivalis, 0-0.52%; Tannerella forsythia, 0.05-2.4%; and Treponema denticola, 0-1.87%), consistent with evidence of dental 
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Methanobrevibacter smithii TS95C Figure 3 | Draft genome and phylogeny of a 48,000-year-old archaeon,  Methanobrevibacter oralis subsp. neandertalensis. a, Ancient sequences mapping to Methanobrevibacter oralis JMR01 are displayed in a circos plot (black), alongside the depth of coverage obtained (red; scale, 0-2,757 sequences). The reference sequence is displayed (grey) with the GC content of the reference sequence calculated in 2,500 bp bins (green; 0-0.4852% GC). b, A Methanobrevibacter phylogeny was constructed from alignment of the whole genome in RAxML with 100 bootstrap replicates, with the per cent support shown in each node. The estimated dates were calculated from a whole genome phylogeny using a Bayesian methodology (in BEAST) assuming a strict clock model (see Supplementary Information). Fig. 10a and Supplementary Tables 9, 14) , highlighting the need for rigorous criteria when identifying pathogenic strains from ancient metagenomic data.
Lastly, we examined Neanderthal commensal microorganisms. Within the El Sidrón 1 specimen that was deeply sequenced, we were able to recover draft genomes (> 1× depth of coverage) for the eight most prevalent microbial species (Table 2 ). Of particular note was a dominant archaeal species (14.7%; Extended Data Fig. 6c ) in El Sidrón 1 that was present in lower proportions in other Neanderthals (1.4% and 1.2% in El Sidrón 2 and Spy II, respectively). The large differences in G/C content between bacteria and archaea facilitated efficient read mapping (Table 2) to the modern-human-associated Methanobrevibacter oralis JMR01 strain. At around 48 thousand years (kyr) 28 , Methanobrevibacter oralis subsp. neandertalensis is the oldest draft microbial genome to date (44.7% of 2.1 Mb, with a 10.3× depth of coverage; Table 2 and Fig. 3) .
Date estimates using a strict molecular clock place the divergence between the M. oralis strains of Neanderthals and modern humans between 112-143 ka (95% highest posterior density interval; mean date of 126 ka) ( Fig. 3b ; see Supplementary Information). As this is long after the genomic divergence of Neanderthals and modern humans (450-750 ka) 29 , it appears that commensal microbial species were transferred between the two hosts during subsequent interactions, potentially in the Near East 30 . Further genome comparisons revealed 136 coding sequences in the modern human M. oralis that were putatively absent in M. oralis subsp. neandertalensis (Supplementary Table 15 ), including genes encoding antiseptic resistance (qacE), maltose meta bolism regulation (sfsA), and bacterial immunity (CRISPR Cas2 and Cas6; Supplementary Table 15) , which probably reflect dietary and hygiene differences between modern humans and Neanderthals. A comparison of 375 translatable protein-coding sequences from the M. oralis strains from Neanderthals and modern humans indicated that 58% were under strong purifying selection (d N /d S < 0.1) ( Table 3 , see Supplementary Information). Only 4% appeared to be under putative positive selection (d N /d S > 1) and include regions for conjugal gene transfer (that is, uptake of foreign or plasmid DNA; traB) and DNA-mismatch repair (mutT).
Preserved dental calculus represents a notable source of information about behaviour, diet, and health of ancient hominin specimens, as well as a unique long-term system that can be used to study how hundreds of different microbial species have evolved and spread among hominins.
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